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Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an au-
tosomal dominant disorder caused by mutations in the fumarate
hydratase (FH) gene on chromosome 1q42.3–43. Massive macronodu-
lar adrenocortical disease (MMAD) is a heterogeneous condition as-
sociated with Cushing syndrome (CS) and bilateral hyperplasia of the
adrenal glands. In MMAD, cortisol secretion is often mediated by
ectopic, adrenocortical expression of receptors for a variety of sub-
stances; however, to date, no consistent genetic defects have been
identified. In a patient with HLRCC caused by a germline-inactivat-
ing FH mutation, we diagnosed atypical (subclinical) CS due to bi-
lateral, ACTH-independent adrenocortical hyperplasia. A clinical
protocol for the detection of ectopic expression of various hormone
receptors was employed. Histology was consistent with MMAD. The
tumor tissue harbored the germline FH mutation and demonstrated
allelic losses of the 1q42.3–43 FH locus. We then searched the Na-
tional Institutes of Health (NIH) databases of patients with MMAD
or HLRCC and found at least three other cases with MMAD that had

a history of tumors that could be part of HLRCC; among patients with
HLRCC, there were several with some adrenal nodularity noted on
computed tomography but none with imaging findings consistent
with MMAD. From two of the three MMAD patients, adrenocortical
tumor DNA was available and sequenced for coding FH mutations;
there were none. We conclude that in a patient with HLRCC, adrenal
hyperplasia and CS were due to MMAD. The latter was likely due to
the FH germline mutation because in tumor cells, only the mutant
allele was retained. However, other patients with MMAD and HL-
RCC, or HLRCC patients with adrenal imaging findings consistent
with MMAD, or MMAD patients with somatic FH mutations were not
found among the NIH series. Although a fortuitous association cannot
be excluded, HLRCC may be added to the short list of monogenic
disorders that have been reported to be associated with the develop-
ment of adrenal tumors; FH may be considered a candidate gene for
MMAD. (J Clin Endocrinol Metab 90: 3773–3779, 2005)

HEREDITARY LEIOMYOMATOSIS AND renal cell can-
cer (HLRCC) is an autosomal dominant disorder first

described in 2001 by Launonen et al. (1). HLRCC is mani-
fested by smooth muscle tumors of the skin (cutaneous
leiomyomas), uterus (leiomyomas or leiomyosarcoma),
and/or papillary renal carcinoma. Recently, germline mu-
tations in the fumarate hydratase (FH) gene (on chromosome
1q42.3–43) have been found to be responsible for this dis-

order; several different mutations have been described in
populations of mostly European and North American de-
scent (2–4). FH is an enzyme that catalyzes the conversion of
fumarate to malate in the tricarboxylic acid cycle; in HLRCC,
the gene appears to act as a tumor suppressor because all
patients are heterozygote carriers and, at the tumor level,
there is loss of the normal allele. Supporting this notion is the
fact that most mutations lead to nonsense mRNA (splicing,
frameshift, and other changes), which leads to complete in-
activation of FH activity at the tumor cell level.

In Launonen’s original description of two families with
HLRCC, two of 19 subjects had other tumors in addition to
the skin, uterine, and renal cell tumors; one individual had
breast cancer, and another had a tumor with an unknown
primary site (1). Other tumors, including prostate and breast
carcinomas, have also been described in mutation-positive
individuals of HLRCC families (1, 5). On the other hand,
somatic mutations of the FH gene appear to be infrequent.
Recently, Lehtonen et al. (6) examined a series of 299 non-
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HLRCC-related, sporadic malignancies and found no patho-
genic FH mutations. These tumors included colorectal,
breast, lung, ovarian, testicular, thyroid, and head and neck
cancers as well as pheochromocytomas, glioblastomas, and
melanomas. Other studies examining sporadic tumors de-
scribed in patients with HLRCC either did not find FH mu-
tations (7) or found very low incidence of such genetic
changes (8). For example, one study detected somatic FH
mutations in a uterine leiomyosarcoma, a soft-tissue sar-
coma, and a cutaneous leiomyoma (8); interestingly, two of
the three mutations ended up being germline mutations (8)
from patients that had previously undiagnosed HLRCC. Ad-
renocortical tumors have not been investigated for FH
mutations.

We recently encountered a patient, who was known to
belong to a large family with HLRCC caused by a germline
FH mutation (3). She was found to have subclinical Cushing
syndrome (CS) caused by massive macronodular adreno-
cortical disease (MMAD); her adrenal tumors showed mo-
lecular involvement of the FH locus. We also searched our
databases for other patients with either MMAD and other
tumors or HLRCC patients with adrenal tumors.

Subjects and Methods
Subjects and clinical protocols

All patients were studied at the NIH Warren Magnuson Clinical
Center under institutional review board-approved protocols and after
obtaining proper consent. The patients with MMAD, in particular, un-
derwent a series of clinical studies under National Institute of Child
Health and Human Development protocol 00-CH-0160. The following
studies were obtained for the documentation and etiologic investigation
of hypercortisolism: 1) an 0800 h plasma ACTH level followed by ovine
CRH stimulation; 2) diurnal plasma cortisol variation, as previously
described (9); 3) magnetic resonance imaging of the pituitary gland and
computed tomography (CT) scan of the adrenal glands, as previously
described (10); 4) a 6-d Liddle’s test, as previously described (11): after
3 d of baseline urinary steroid excretion measurement, low-dose dexa-
methasone (0.5 mg/dose by mouth every 6 h) was given for 2 d, followed
by high-dose dexamethasone (2 mg/dose every 6 h) for the last 2 d of
the test; 24-h urine steroid excretion was measured daily; urinary free
cortisol (UFC) was expressed per square meter of body surface area
(micrograms per square meter per 24-h period), and 17-hydroxycorti-
costeroid excretion was expressed per grams of creatinine excreted in
24 h (milligrams per gram creatinine per 24-h period); and, finally, 5)
testing for a variety of ectopic hormone receptor expression, as described
elsewhere (12). Plasma ACTH and cortisol and UFC and 17-hydroxy-
steroid (17OHS) were measured, as previously described (9, 11). Char-
acteristics for all assays (inter- and intraassay variations) have been
previously published (9, 11).

Case report (case no. 1)

A 65-yr-old woman with characteristic skin findings of HLRCC (Fig.
1) presented with weight gain, hypertension, and hyperlipidemia. In the
course of screening for tumors related to her genetic condition, bilateral
adrenal enlargement was noted on CT (Fig. 2, arrows). Her past medical
history was significant for a foot fracture several years before her eval-
uation at the NIH, a benign parotid gland tumor that had been excised
elsewhere, and the most recent diagnosis of HLRCC. Her manifestations
of the latter included diffuse coalescing painful cutaneous leiomyomas,
uterine leiomyomas (for which she had undergone total hysteromyo-
mectomy), but no renal tumors. Her medications included dibenzaline,
nadolol, lipitor, and aspirin. She had no family history of endocrinop-
athies. Physical examination revealed a hypertensive (160/70), obese
(with a body mass index of 36.6 kg/m2) woman with diffuse cutaneous
leiomyomata (Fig. 1). There were no striae, and only a suggestion of
webbed neck was present.

Hormonal evaluation was significant for 24-h UFC, corrected for
body surface area, of 77.8 �g/24 h (normal, 8–77 �g/d) and 17OHS,
corrected for urinary creatinine, on a subsequent visit of 5.7 mg/24 h
(normal, 2–6 mg/24 h). Urine and plasma catecholamines and serum

FIG. 2. Bilateral adrenal masses on CT (arrows).

FIG. 1. Characteristic cutaneous leiomyomata covered the upper ex-
tremities of the patient.
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potassium were normal. Fasting glucose was 122 mg/dl and 2-h oral
glucose tolerance test blood glucose level was 179 mg/dl. Her serum
ACTH values were low, ranging from undetectable to 17.4 pg/ml (nor-
mal, 9–52 pg/ml). Imaging studies showed the bilateral adrenal en-
largement with heterogeneous enhancement after contrast CT. Several
low-density nodules were seen; the larger, on the right side, measured
4.2 � 1.4 cm, and, on the left, 3.8 � 2.3 cm. Bone mineral density by dual
x-ray absorptiometry revealed osteopenia in the femoral neck (T score,
�2.2; Z score, �0.7) and osteoporosis in the lateral spine (L2–L4 T score,
�3.4; Z score, �0.4). Diurnal cortisol measurements revealed 0730 and
0800 h levels of 25.8 and 22.1 �g/dl, respectively, and 2330 h and
midnight values of 4.6 and 6.9 �g/dl, respectively. The ovine CRH-
stimulation test showed an increase in both ACTH and cortisol values
by 35 and 20%, respectively. A Liddle’s test, however, demonstrated lack
of UFC and 17OHS suppression (Table 1). Evaluation for the presence
of abnormal cortisol responses included meal, posture, vasopressin,
GnRH, glucagon, and GHRH tests, according to a protocol that has been
published elsewhere (12); the posture and vasopressin tests showed a
100 and 54% increase in cortisol levels, respectively, compared with
baseline (data not shown).

The patient underwent laparoscopic bilateral adrenalectomy without
complications. She recovered and was discharged on hydrocortisone (20
mg in the morning and 10 mg at night) and florinef (100 �g/d). At 12
months postoperatively, the patient had lost 16 pounds, had better
control of her blood pressure and serum glucose, and reported more
energy compared with before the surgery. Her dose of hydrocortisone
was reduced to a total of 25 mg/d. Interestingly, however, she com-
plained of more discomfort from her leiomyomatosis compared with the
preoperative period; skin pain has been treated with analgesics with
some relief.

Search of other patients with MMAD and/or HLRCC

Records of 15 patients with MMAD studied at the NIH over the last
4 yr and those with HLRCC (from Ref. 3) were reviewed retrospectively
for other manifestations that could constitute part of HLRCC or imaging
findings consistent with MMAD, respectively. Three patients with
MMAD were identified that could have had a multiple tumor syndrome
consistent with HLRCC; from two of them, tumor DNA was extracted
and sequenced for FH mutations (see below).

Tissue analysis

Tissue for genetic analysis was obtained at the time of surgery, frozen
at �70 C, and stored for later use. For light microscopy and immuno-
cytochemistry, tissue was paraffin-embedded; sections were then
stained with hematoxylin and eosin and synaptophysin, as previously
described (13–15). For electron microscopy, tissue was obtained at the
time of surgery and processed as previously described (14, 15). Prepa-
rations of samples obtained at surgery from both adrenal glands and
surrounding normal fibrous and fat tissue were processed for genetic
analyses (see below).

DNA analysis

DNA was extracted from peripheral lymphocytes by standard meth-
ods (13, 14). Tumor DNA was extracted from frozen tissue in a 0.7-ml
solution of 50 mm Tris (pH 8.0), 100 mm EDTA, 100 mm NaCl, 1% sodium
dodecyl sulfate, and 0.5 mg/ml proteinase K. Samples were subse-
quently extracted four times in phenol/chloroform, precipitated with

ethanol, and resuspended in 1� TE (50 mm Tris-HCl, 1 mm EDTA, pH
8.0).

Sequencing of the coding region of the FH gene was obtained fol-
lowing a protocol that we have described elsewhere (GeneDx, Rockville,
MD) (3). Sequencing of the coding sequence of the PRKAR1A and GNAS
genes was also obtained as we have described elsewhere (13, 16). Se-
quencing analysis of tissue-derived DNA was obtained as described
elsewhere (13).

Fluorescent in situ hybridization (FISH) using bacterial artificial chro-
mosomes containing control loci (such as one on chromosome 2p), the
FH locus, and other chromosome 1q loci (such as one containing the
SDHC gene on 1q21 and another containing the PAP7 gene on 1q32) and
the PRKAR1A (on 17q22–24) locus was performed as previously de-
scribed (13). The bacterial artificial chromosomes were grown, and
DNAs were extracted from them as we have described elsewhere (16);
they were labeled with digoxigenin-11-deoxyuridine 5-triphosphate
(Roche Molecular Biochemicals, Indianapolis, IN) by nick-translation
and hybridized to touch-preparations of the tumor. After hybridization,
cells were counterstained with 4�,6�-diamidino-2-phenylindol-dihydro-
chloride. Hybridization signals were analyzed with the use of a Leica
epifluorescence microscope (Leica Corp.), and fluorescence images were
automatically captured on a Photometrics cooled-CCD camera (Photo-
metrics, Tucson, AZ) using IP Lab Image software (Scanalytics, Inc.,
Fairfax, VA). Two hundred interphases with strong hybridization sig-
nals were scored. Presence of more than 25% cells with only one signal
was interpreted as indicative of an allelic deletion. SpectrumGreen or
SpectrumOrange �-satellite probes (Vysis, Inc., Donners Grove, IL) were
used for chromosome identification.

Results
Clinical outcome of case no. 1

The patient with HLRCC and MMAD did well postoper-
atively; at the 12-month check up, she had lost more than 10%
of her preoperative weight. Blood pressure and glucose con-
trol improved dramatically (data not shown). Interestingly,
however, her skin leiomyomata were more symptomatic:
pruritus, erythema, and pain became more frequent in the
first 6 months postoperatively, with some improvement
thereafter.

Search for other patients with MMAD and/or HLRCC

Records of 15 patients with MMAD studied at the NIH
over the last 4 yr and those with HLRCC (from Ref. 3) were
reviewed retrospectively for other manifestations (that could
be part of HLRCC) or adrenal gland imaging findings, re-
spectively. Three patients with MMAD and other tumors
were identified; all three were females in their mid-40s or 50s
with history of uterine lesions and hysterectomies. One had,
in addition, history of benign head and neck tumors. None
had history of renal tumors or skin manifestations consistent
with leiomyomatosis. Among the HLRCC patients that were
seen at the NIH and reported in Ref. 3 (including the siblings
of case no. 1), there were none with imaging findings con-
sistent with MMAD, although several cases with adrenal
nodularity were noted (data not shown). From two of the
three patients with MMAD and history of other lesions,
tumor DNA was extracted and sequenced for FH mutations
(see below).

Histology (case no. 1)

The right adrenal gland weighed 48 g and measured 7 �
4.5 � 3 cm; the left adrenal gland weighed 57.4 g and mea-
sured 7 � 4.5 � 3 cm. Diffuse cortical hyperplasia, as had

TABLE 1. Liddle’s test results

UFC
(�g/24 h�m2)

17-OHS
(mg/g creat�24 h)

d 1 (baseline) 56.4 6.2
d 2 (baseline) 53.9 5.9
d 3 (low-dose dex) 35.6 4.3
d 4 (low-dose dex) 19.2 2.9
d 5 (high-dose dex) 32.2 4.3
d 6 (high-dose dex) 35.4 5

dex, Dexamethasone.
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been suggested by the imaging studies (Fig. 2, arrows), was
found. The normal cortical architecture in both adrenals
was replaced by a predominantly diffuse and vaguely
nodular proliferation of clear cortical cells with ample
cytoplasm. Clear cells of the usual size were also present,
but compact cells of small or conventional size were rarely
seen. A small rim of zona glomerulosa cells was present at
the periphery. In addition, there was increased microves-
sel density in both adrenals and interspersed cavernous
hemangiomas in the left adrenal (which are not regularly
seen in MMAD or other adrenal tumors) (Fig. 3, A–C).
Ultrastructurally, the cytoplasm of almost all cells was
filled with an excessive amount of large lipid vacuoles. In
addition, increased numbers of round mitochondria,
stacks of RER, and dense lysosomal type bodies were seen
(Fig. 3D).

Molecular genetic studies

Case no. 1 is a member of a family with HLRCC that was
included in a publication of the NIH series of patients with
this genetic condition (3). For the purposes of the present
study, her blood, tumor, and normal tissue DNA were se-
quenced; this analysis revealed a germline mutation in the
FH gene consisting of a 7-bp deletion at nucleotides 782–788
(c.781del7), leading to a premature stop codon at position 261
of the protein (P261X), consistent with the reported data. The
patient was heterozygous for this mutation in peripheral

blood lymphocytes, but only one copy of the FH gene, the
mutant allele, was retained by the adrenal tissue, suggesting
loss of the normal allele or loss of heterozygosity (data not
shown).

FISH analysis confirmed the allelic loss of the FH gene in
the excised adrenocortical tissue (Fig. 4, A–C). Control
probes from other chromosomes showed the expected two
signals (the one from chromosome 2p is shown in Fig. 4D).
Probes from other chromosome 1q loci showed a progres-
sively increasing incidence of allelic losses approaching the
1q42.3–43 FH locus; for example, the probe containing a gene
(SDHC) on 1q21 showed losses in 17% of tumor cells,
whereas one from the 1q32 region (containing the PAP7
gene), which is more proximal to the 1q42.3–43 FH locus,
showed losses in 30% of tumor cells. The incidence of allelic
losses in the patient’s tumor cells for probes from the 1q
chromosomal region peaked around the 1q42.3–43 FH locus
at approximately 50%. A representative experiment is shown
in Fig. 5; in this image, only one (indicated by the arrow) of
the seven cells from the patient’s tumor showed allelic losses
for the SDHC gene, compared with 50% of the cells shown
in Fig. 4C.

As mentioned above, from two of the three patients with
MMAD and history of other lesions, samples were available,
and tumor DNA was extracted. There were no FH coding
sequence mutations in either. For all three patients, including
that of case no. 1, tumor DNA was studied for PRKAR1A or

FIG. 3. A, A cortical hyperplastic nod-
ule, clearly delineated from the normal
cortical tissue (�40). B, A higher mag-
nification of cortical hyperplasia
(�100). C, Multiple cavernous heman-
giomata were also seen on histological
examination (�100). D, Electron mi-
croscopy studies showed lipid accumu-
lation, round mitochondria, and other
signs of adrenocortical hyperplasia.
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GNAS somatic mutations; none was identified (data not
shown).

Discussion

Adrenocortical tumors may be found in the adrenal glands
of patients with congenital adrenocortical hyperplasia (17),
multiple endocrine neoplasia type 1 (18–20), McCune-Al-
bright syndrome (MAS) (21–23), familial polyposis coli (24,
25), and Carney complex (13, 16, 26). GNAS or PRKAR1A
mutations, the MAS and Carney complex genes, respec-
tively, only rarely occur somatically in sporadic adrenocor-
tical tumors (13, 27, 28) and do not appear to be frequently
mutated in MMAD or ACTH-independent macronodular
adrenocortical hyperplasia. MMAD is a rare disorder that is
associated with classic, as well as atypical, forms of CS (29,
30). It was first described in 1964 by Kirschner et al. (29) in
a 40-yr-old woman who presented with long-standing,
ACTH-independent CS. The patient underwent bilateral ad-
renalectomy; her adrenal glands had multiple nodules and a
combined weight of 94 g. Since 1964, this patient’s disease has
been seen in tens of patients and described under different
names, including ACTH-independent macronodular adre-
nocortical hyperplasia, MMAD, autonomous macronodular
adrenal hyperplasia, ACTH-independent massive bilateral
adrenal disease, and giant or huge macronodular adrenal
disease. MMAD seems to have a bimodal age distribution;
few patients present during the first year of life (this form of

the disease may be associated with MAS), whereas most
present in the fifth decade of life, just like the patient of this
report.

MMAD rarely occurs in families, suggesting that, for some
patients, an autosomal dominant predisposition exists for the
development of bilateral, large adrenocortical tumors (31).
MMAD has also been associated with somatic mutations of
the GNAS gene in infants with MAS and some older patients
with macronodular adrenocortical enlargement (22, 23, 27,
31). However, neither inheritance nor GNAS genetic defects
appear to explain the vast majority of MMAD cases. In them,
ectopic neuroendocrine hormone receptor expression has
been the most common and clinically useful feature (31), a
feature that is also increasingly found in sporadic, non-
MMAD-related, adrenal adenomas (32): cortisol secretion in
MMAD appears to be regulated by aberrant (adrenocortical)
expression of receptors for various hormones that are not
present physiologically in cortical tissue, such as those for
gastric inhibitory polypeptide, vasopressin, �-adrenergic
agonists, serotonin, and LH/human chorionic gonadotropin
(31). The presence of these receptors suggests a link to the
cAMP-dependent protein kinase signaling; however, no
PRKAR1A mutations have been identified to date, and other
components of this pathway may be functionally altered but
are not somatically mutated (33). Part of the problem in the
genetic characterization of MMAD is its apparent molecular
heterogeneity that follows its diverse clinical features (33).

FIG. 4. Mapping of the FH gene and
deletion of the 1q42.3–43 region in the
patient’s tumor tissue; the red signal is
from the probe containing the FH gene.
A and B, On a control hybridization of
a metaphase chromosome preparation
from normal cells, the FH gene probe
localized to the 1q42.3–43 region; the
arrows show the position of the FH gene
at a 4�,6�-diamidino-2-phenylindol-
dihydrochloride-counterstained chro-
mosome 1. C, Interphase FISH with the
same probe to adrenocortical tumor
cells prepared from the patient showed
one signal in more than 50% of the cells
(red). D, A control FISH experiment
with a similarly prepared probe from
chromosome 2 (also in red) on the same
tumor cells showed the expected two
signals.
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Studies like the present one, based on rare patients, could
therefore be very useful because they may provide a previ-
ously unsuspected link to an existing molecular pathway.

Could FH be linked causatively to adrenocortical tumor-
igenesis? The enzyme participates in the Krebs cycle and is
expressed in all tissues, including the adrenal cortex (34). Its
involvement in causing a variety of tumors appears to follow
that of another mitochondrial multimeric protein that has
recently been found to function as a tumor suppressor, suc-
cinate dehydrogenase. Succinate accumulates as a result of
succinate dehydrogenase/FH inhibition; excess succinate in-
hibits hypoxia-inducible factor type 1� (HIF-1�) hydroxy-
lases, which leads to stabilization and activation of HIF-1�
(35). HIF-1� is expressed in adrenal tissue and regulated by
glucocorticoids (36). Adaptation to hypoxia is affected by
glucocorticoids; hypoxia-dependent signals and glucocorti-
coid-regulated genes are coordinated processes (36). A mol-
ecule, called endocrine-gland-derived vascular endothelial
growth factor, appears to induce endothelial cell prolifera-
tion in endocrine tissues; endocrine-gland-derived vascular
endothelial growth factor possesses a HIF-1� binding site,
and its expression is induced by hypoxia (37). We may spec-
ulate that the unusual finding of interspersed cavernous
hemangiomata in our patient (Fig. 3C) is the result of over-
expression of such an angiogenic factor due to HIF-1� in-
duction caused by the FH mutation. It is conceivable that
adrenocortical cell proliferation followed these phenomena,
as a consequence of overexpression of these factors, as has
been postulated for other tumors caused by FH mutations
(38).

Finally, we should comment on the treatment of the de-
scribed patient (case no. 1). Like a number of patients with
MMAD and other adrenal tumors discovered in the course
of imaging studies for a variety of diseases or unrelated
symptoms, our patient was found to have subclinical or

atypical CS only after a CT was obtained for her underlying
genetic disorder; a complete biochemical investigation was
then initiated. However, not only did she not have overt CS
clinically, but her ACTH levels were not suppressed, and her
UFCs were minimally elevated at baseline. A number of
patients like her have been described recently (30, 39–42).
According to a recent NIH conference and other investiga-
tors (30, 39, 43), the treatment of choice for patients with
subclinical CS caused by incidentally discovered adrenal
tumors is surgical (44). Medical adrenalectomy is not rec-
ommended because of the associated side effects, inefficient
ablation of cortisol secretion, and need for frequent medical
follow-up visits (43). Laparoscopy has decreased the mor-
bidity, length of hospitalization, and long-term side effects of
adrenalectomy in these patients (39). Improvement of a num-
ber of indices, from bone density to blood pressure and
glucose intolerance, has been recorded in patients with in-
cidentally discovered adrenal masses and subclinical CS who
underwent adrenalectomy (30, 40–42).
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